The objective of this study was to investigate the bacterial adhesion to iron (hydr)oxide-coated sand (IHCS) and aluminum oxidecoated sand (AOCS) in the presence of Tween 20 (nonionic surfactant) and lipopeptide biosurfactant (anionic surfactant) through column experiments. Results show that in the presence of Tween 20, bacterial adhesion to the coated sands was slightly decreased compared to the condition of deionized water; the mass recovery (Mr) increased from 0.491 to 0.550 in IHCS and from 0.279 to 0.380 in AOCS. The bacterial adhesion to the coated sands was greatly reduced in lipopeptide biosurfactant; Mr increased to 0.980 in IHCS and to 0.797 in AOCS. Results indicate that the impact of lipopeptide biosurfactant on bacterial adhesion to metal oxide-coated sands was significantly greater than that of Tween 20. Our results differed from those of the previous report, showing that Tween 20 was the most effective while the biosurfactant was the least effective in the reduction of bacterial adhesion to porous media. This discrepancy could be ascribed to the different surface charges of porous media used in the experiments. This study indicates that lipopeptide biosurfactant can play an important role in enhancing the bacterial transport in geochemically heterogeneous porous media.
Introduction
Contamination of subsurface environments by organic contaminants is a wide-spread environmental problem, posing a significant threat to drinking water supplies. For contaminated soils and aquifers, bioaugmentation could be practiced by introducing bacteria with specific metabolic capabilities of degrading target contaminants. In this remediation practice, the successful delivery of contaminant-degrading bacteria to the targeted area is a subject of great interest [1] . An understanding of bacterial interaction with porous media is important with respect to bacterial transport and retention in the subsurface. The deposition of bacteria on a solid matrix is affected by the properties of porous media (e.g., surface charge and grain size), characteristics of bacteria (e.g., cell size, surface charge, and hydrophobicity), and solution chemistry (e.g., pH and ionic strength) [2, 3] .
The surfactant is a surface-active agent, composed of both hydrophilic and hydrophobic moieties. This amphiphilic structure gives surfactants the capability of reducing bacterial adhesion to surfaces via modification of the surface characteristics [4] . Several studies have been conducted of surfactants to examine their role in bacterial transport in geological media [5] [6] [7] [8] , including the enhanced transport of Pseudomonas pseudoalcaligenes in sandy clay loam in the presence of sodium dodecyl benzene sulfonate (SDBS) [9] , the influences of Tween 20 (nonionic surfactant) and SDBS (anionic surfactant) on the transport of Alcaligenes paradoxus in borosilicate glass beads [1], the effect of monorhamnolipid (anionic biosurfactant) on the transport of P. aeruginosa in sterile sand [10] , the significant increase of cell recovery of aquifer isolate bacteria in unsaturated sand columns under the presence of SDBS compared to no surfactant condition [11] , and the release of deposited bacteria (Lactobacillus casei and Streptococcus mitis) from silica sand by flushing the sand column with rhamnolipid biosurfactant [12] . These studies have shown that bacterial transport could be enhanced in the presence of surfactants. The interaction between bacteria and metal (aluminum, iron) oxide-coated surfaces is important in the transport of bacteria in the subsurface. In geochemically heterogeneous aquifers where the metal oxides provide surface charge heterogeneities, bacteria can favorably adhere to the positivelycharged surfaces of aquifer sediments [13] . However, studies on the effects of surfactants on the transport of bacteria in metal oxide-coated porous media are scarce.
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Nag-Choul Choi, Seong-Jik Park, Chang-Gu Lee, Jeong-Ann Park, Song-Bae Kim teristics of the cells were analyzed with an electrophoretic light scattering spectrophotometer (ELS-8000; Otsuka Electronics, Osaka, Japan). Electrophoretic mobility was determined for the bacterial surface (pH 6.2, temperature 25℃, ionic strength ≈ 0 mM) and converted to zeta potentials using the Smoluchowski Equation (−31.9 ± 2.5 mV).
Metal Oxide-Coated Sands
Quartz sand (Jumunjin Silica, Gangneung, Korea) was used to prepare metal oxide-coated sand. Mechanical sieving was conducted with US Standard Sieves (Fisher Scientific, Pittsburgh, PA, USA), Nos. 35 and 10. Sand fractions with a grain size of 0.5-2.0 mm and a mean diameter of 1.0 mm were used in the experiments. Before use, the sand was washed twice using deionized water to remove impurities on the surface, and the wet sand was autoclaved for 20 min at 17.6 psi, cooled to room temperature, and oven-dried at 105˚C for 1-2 days. For the preparation of metal oxide-coated sand, AlCl 3 •6H 2 O (4.4 g) or FeCl 3 •6H 2 O (5.5 g) was dissolved in deionized water (100 mL), and the solution pH was adjusted with 6N NaOH. The quartz sand (200 g) was added to the AlCl 3 •6H 2 O or FeCl 3 •6H 2 O solution and then mixed in a rotary evaporator (90 ˚C, 80 rpm, 20 min) to remove water in the suspension by heating (Hahnvapor; Hahnshin Scientific Co., Bucheon, Korea). The coated sand was dried at 150˚C for 6 hr, washed with deionized water and then dried again at the same conditions. Scanning electron microscopy (SEM) analysis along with Energy Dispersive X-ray Spectrometer (EDS) analysis were performed using a scanning electron microscope (JSM 5410LV; JEOL), indicating the presence of Al-or Fe-oxides on the coated sand. SEM images and EDS patterns of coated sand were provided elsewhere [14] .
Column Experiments
Column experiments were conducted using a Plexiglas column with an inner diameter of 2.5 cm and a height of 10 cm packed with metal oxide-coated sands (mass of medium 78.12 ± 1.47 g). All the experiments were performed in duplicate (Table 1). A column was packed for each experiment by the tap-fill adhesion to metal oxide-coated sands in the presence of surfactants. Column experiments were performed in duplicate with Bacillus subtilis. The first set of experiments was performed in iron (hydr)oxide-coated sand while the second experiments were carried out in aluminum oxide-coated sand. Bacterial breakthrough curves were obtained by monitoring the effluent, and the bacterial mass recovery and adhesion rate coefficient were then quantified from these curves. Also, the sticking efficiency was quantified from the colloid filtration theory along with the filter factor.
Materials and Methods

Preparation of Bacteria
B. subtilis ATCC 6633 (KCCM 11316) obtained from the Korea Culture Center for Microorganisms was used in the experiment. All glassware and materials used in the study were sterilized by autoclaving at 121˚C and 17.6 psi for 20 min to prevent any interference by other microorganisms. Initially, the freeze-dried bacteria were revived in 250-mL Erlenmeyer flasks containing 100 mL of LB medium (tryptone 10 g, yeast extract 5 g, NaCl 5 g in one liter of deionized water at pH of 7.0) over a period of 84 hr at 30˚C. Then, 1 mL of culture was transferred to a volume of 500 mL LB broth, and the bacteria were incubated over a period of 84 hr at 30℃. The suspension was centrifuged at 4℃ and 10,000 rpm for 15 min. The supernatant was removed and replaced with deionized water to prevent growth of the bacteria. Then, the diluted bacteria were centrifuged again under the same conditions. The centrifuged bacteria were washed three times with deionized water and resuspended in deionized water to an optical density of 0.5 at 600 nm (OD 600 ). Transmission electron microscopy (JEM 1010; JEOL, Tokyo, Japan) was used to take images of the bacterial cells. The images were imported into an image-processing program (Image-Pro Plus; Media Cybernetics, Bethesda, MD, USA) and analyzed. The average length and diameter of B. subtilis were 1.67 ± 0.31 μm and 0.77 ± 0.07 μm, respectively, which corresponded to an equivalent spherical diameter of 1.18 ± 0.10 μm. The net surface electrostatic charac- 
